Abstract-Exploiting multi-user diversity is one solution to efficiently use the wireless medium. The basic principle is to assign the resources to the user experiencing the best channel conditions based on a feedback information provided by different users. In this paper, we propose three multiuser scheduling schemes which are combinations between the switch and examine transmission scheme in the network layer and the joint minimum-selection generalized selection combining and adaptive modulation in the physical layer. As a first step, fairness of access is not taken into account in the design of the proposed scheduling schemes. Then, in a second step, the proposed schemes are modified in order to enable them to achieve a certain short term fairness of access. In both cases, we study the performance of the proposed schemes in terms of spectral efficiency, feedback load and rate, and average number of combined and estimated paths. Using some selected numerical examples, the proposed schemes are compared among themselves and also to some recently published schemes.
Joint MS-GSC Combining and Down-Link Multiuser Diversity Scheduling
Slim Ben Halima, Mohamed-Slim Alouini, and Khalid A. Qaraqe Abstract-Exploiting multi-user diversity is one solution to efficiently use the wireless medium. The basic principle is to assign the resources to the user experiencing the best channel conditions based on a feedback information provided by different users. In this paper, we propose three multiuser scheduling schemes which are combinations between the switch and examine transmission scheme in the network layer and the joint minimum-selection generalized selection combining and adaptive modulation in the physical layer. As a first step, fairness of access is not taken into account in the design of the proposed scheduling schemes. Then, in a second step, the proposed schemes are modified in order to enable them to achieve a certain short term fairness of access. In both cases, we study the performance of the proposed schemes in terms of spectral efficiency, feedback load and rate, and average number of combined and estimated paths. Using some selected numerical examples, the proposed schemes are compared among themselves and also to some recently published schemes.
Index Terms-Multi-user diversity, adaptive modulation, adaptive combining.
I. INTRODUCTION

F
UTURE wireless communication systems must provide high data rates to respond to the growing demands of multimedia services. On the other hand, the wireless channel capacity is a scarce resource that must be used efficiently to respond to these desired requirements. Assuming a large number of active users in a cell, one way to efficiently use this resource, thus extracting a certain diversity gain, is optimum scheduling between these multiple users experiencing different channel conditions. In fact, in conventional communications systems (GSM for example), time is divided into fixed size time slots and each of these time slots is assigned to a fixed user regardless of its channel condition. However, it is highly probable that at any given point in time, at least one of the other users has a better channel quality. Multi-user diversity [1] - [3] gain can be achieved by scheduling the user having the best channel conditions. In order to manage priority between users, channel quality information (CQI) must be fed back to the base station through a dedicated uplink channel. Such information must be signalled regularly in order to respond to channel time variation.
The second issue to be dealt with is how the channel conditions are exploited by the system. In fact, adaptive modulation [4] - [6] and diversity combining are two important tools to respond to high data rates demands. More specifically adaptive modulation can achieve high spectral efficiency over wireless channels. The basic idea of adaptive modulation is to match the modulation parameters, such as constellation size, to fading channel conditions while maintaining the instantaneous error rate below a target value. Usually, the modulation mode is chosen based on the comparison results of received signal strength with several predetermined thresholds. On The other side, diversity combining makes higher transmission rates possible. However, in the downlink, diversity combining is constrained by the limited lifetime of the user equipment battery which has led to the adoption of adaptive diversity combining techniques [7] - [9] . Minimum-selection generalized selection combining (MS-GSC) [8] comes as one of these methods. It is based on the generalized selection combining (GSC) scheme. In particular, it selects the best L c paths among the L available paths but stops the combining operation when reaching a predetermined target signal to noise ratio (SNR) reducing as a consequence the number of active maximum ratio combining (MRC) branches and as such the processing power consumption.
It is clear that adaptive modulation can benefit from diversity combining through the improved channel quality but the more interesting point is that both adaptive combining and adaptive modulation use predetermined thresholds in their operation. Based on this observation, we combine these two concepts and develop and analyze in this paper some joint adaptive combining and high speed data access schemes. We proposed three scheduling schemes that are combinations between the switch and examine transmission (SET) scheme [2] in the network layer and the adaptive modulation and MS-GSC combining in the physical layer: (1) the feedback efficient scheme (FBEF) aiming at minimizing the feedback load to the detriment of spectral efficiency. (2) the bandwidth efficient scheme (BWE) aiming at achieving high bandwidth efficiency without major consideration of the processing power consumption issue, and (3) the bandwidth efficient power greedy scheme aiming at achieving the highest bandwidth efficiency with the minimum processing power consumption. For these three schemes under consideration we evaluate their average spectral efficiency (quantified in terms of average number of bits/s/Hz), the average feedback load (quantified in terms of the mean of the number of probed users), the average feedback rate (quantified in terms of the mean number of feedback bits per scheduling operation), and the average 1536-1276/09$25.00 c 2009 IEEE processing power consumption (quantified in terms of the average number of estimated and combined paths per scheduled user).
From another perspective, assigning the channel to the best user can lead to the monopolization of the resources by a limited number of users. Therefore, in the second part of the paper we study an algorithm that attempts to improve the fairness of access among the users. In other words, we try to ensure short-term fairness and guarantee more frequent access to all users (this has some implications on delay minimization). In our study, we evaluate the new system performance in terms of spectral efficiency and feedback load.
The remainder of this paper is organized as follows. The next section gives a general background on the channel and system models. Section III is devoted to the operation of the proposed schemes without fairness consideration. Section IV deals with the system that tries to achieve a better fairness of access between the scheduled users. Finally, the paper concludes with a summary of the main results.
II. GENERAL BACKGROUND
A. System Model
We consider a base station (BS) serving K users each having L diversity branches. We consider a discrete time implementation for the proposed schemes. In particular, short guard periods are periodically inserted into the the transmitted signal. During these guard periods the BS probes each of the users in order to select the most appropriate one according to the adopted scheduling scheme. During the probing operation users perform a set of operations including path estimation, combined SNRs comparison, and modulation index determination followed by CQI feedback which is the basis for the scheduling scheme. After deciding the modulation mode, the transmitter and the selected receiver are configured accordingly throughout the subsequent data burst transmission.
Concerning the receiver and due to complexity and processing power constraints we assume that it can not combine more than L c diversity paths (L c < L). As such the receiver chooses the most appropriate paths to reach the desired modulation index under a certain bit error rate (BER) constraint.
B. Channel Model
To achieve multi-path diversity, we consider a frequency selective channel. The diversity paths represent the different resolvable multi-paths in wideband code division multiple access W-CDMA or ultra wide band UWB systems. We assume a block fading channel, in which, the sum of the guard period and the data burst time slot is roughly equal to the channel coherence time. Thus, during each time slot,the faded signal amplitude remains roughly constant during the data burst and the previous guard period.
Finally, signals among users are also assumed to be independent and identically distributed (i.i.d.) and the signals of the L multi paths at each user end are assumed to be i.i.d. and to experience Rayleigh type of fading.
C. Adaptive Combining
Diversity combining requires different operations including paths estimation and signal processing of the different diversity paths. These operations will lead to extra power consumption and therefore reduce the valuable battery lifetime of mobile terminals. To remedy to such problem, different output-SNR oriented schemes [7] - [9] were developed. MS-GSC is one of these schemes [8] and is based on GSC combining [10, chapter 9] . In fact, instead of using all the L c branches of GSC, the MS-GSC scheme uses the best paths that enable it to reach the target SNR. As a consequence, MS-GSC can save a considerable amount of processing power by keeping fewer branches active while still reaching the desired diversity gain.
D. Adaptive Modulation
The process of adaptive modulation starts by examining the channel SNR at the receiver side. This SNR range is divided into N + 1 fading regions, each of them is associated with a particular quadrature amplitude modulation (QAM) signal constellation. More specifically, the divided SNR regions are defined by the following SNR thresholds:
where γ n T is the SNR threshold for 2 n -QAM. Given these SNR thresholds and given the SNR estimated at the receiver, this receiver determines the modulation index n, such that γ
and informs via the feedback path the transmitter about the modulation index n to be used.
Assuming the M-QAM signalling, the SNR thresholds for a target BER can be determined using the following equation given in [4, Eq (28) ]
where BER 0 is the specified BER.
E. Notations
In the following sections, we will adopt the following notations and relations. We denote by
L and its statistics are given in [10, chapter 9] . We also denote by Γ k i the sum of the first i ordered path SNRs for the user k. The joint probability density function (PDF) of Γ i , Γ i−1 and Γ Lc can be shown to be given by
where U (.) is the unit step function and Γ
Finally, the joint PDF of
III. MULTIUSER SCHEDULING WITHOUT FAIRNESS OF ACCESS CONSIDERATION
A. Feedback Efficient Scheme 1) Mode of Operation:
During the guard period, the BS starts by randomly probing one user among the K users. This user runs the MS-GSC algorithm in order to determine the maximum constellation size it can reach with respect to the target BER. More specifically, at the user level, we operate as follows. First, we set γ N T as the threshold SNR. If this threshold can be reached, the receiver sets to N the modulation index. Otherwise, it reduces the modulation index and repeats the previous operation. This process continues until the user finds an acceptable modulation index or it fails to reach the SNR threshold corresponding to the binary modulation.
In the first case, the user feeds back b 1 = log 2 (N ) + 1 bits indicating the modulation index, where . is the floor operator. While in the latter case, it feeds back only one negative acknowledge (NACK) bit.
At the BS level, if a positive response is received from a particular user, this user with the corresponding modulation index is serviced. Otherwise, it probes another user with the same procedure described before. Finally, if the BS does not find an acceptable user among the K active users, it buffers the data.
2) Performance Analysis:
• Average spectral efficiency: The starting point for the computation of the average spectral efficiency, η, is the following relations
Considering the fact that the events are mutually exclusive and that the users are experiencing independent channel conditions, we can rewrite (3) as follows
Finally, the expression of the average spectral efficiency, η, is given by
where P ΓL c (.) is the cumulative distribution function (CDF) of Γ Lc and which is given by [10, chapter 9] .
• Average feedback load: The feedback load denotes the number of users giving feedback in a scheduling operation.
The computation of the probabilities for the feedback load, F , is given by these relations
Taking into account the independence between the random variables, we can rewrite these expressions as
The final expression of the average feedback load, F , is therefore given by
• Average feedback rate per scheduling operation: The feedback rate per scheduling operation denotes the number of fed back bits.
In this section, we consider that the modulation indexes are coded in b 1 bits. Thus, the random variable relative to the average feedback rate per scheduling operation takes the values K or {b 1 
On the other hand, we have
Consequently, the average feedback rate per scheduling operation, R, is
• Average number of combined paths per scheduled user: The average number of combined paths per scheduled user, N c , is given by
where
and
These probabilities are calculated in what follows
Based on the fact that the users are experiencing i.i.d. channel conditions, we have
• Average number of estimated paths per user:
From the mode of operation of the MS-GSC and the proposed scheme, it is clear that the average number of estimated paths per user, N E , can be written as
B. Bandwidth Efficient Scheme 1) Mode of Operation:
During the guard period, the BS starts by randomly probing one user among the K users. This user runs the MS-GSC algorithm setting γ N T as the threshold SNR which is the SNR enabling to reach the maximum constellation size under a certain BER constraint.
If this user succeeds in providing the maximum constellation size, it feeds back one bit corresponding to a positive acknowledge (ACK) and thus it will be chosen as the served user during the next data burst. Otherwise, it feeds back b2 = log2(N − 1) + 1 bits informing the BS of the maximum constellation size it can reach after combining all the GSC Lc branches.
In the second case, the BS probes another user which performs the same operation as the previous user. This procedure continues until the BS finds a user having a combined SNR greater than the γ N T or all the users fail to achieve that condition. In the latter case, the BS chooses the user with the maximum provided constellation size, and if there is an outage, it buffers the data.
2) Performance Analysis:
• Average spectral efficiency: The different probabilities corresponding to the different modulations indexes are given by
(17)
These relations, when considering the independence between the users and the fact that the events are mutually exclusive, can be written as
Finally the average spectral efficiency, η, for the BWE scheme can be written as
• Average feedback load: The starting point to obtain the average feedback load, F , expression is the following relations
(20)
These relations can be rewritten as
As a consequence, the final average feedback load, F , can be written as
• Average feedback rate per scheduling operation: As in the FBEF scheme, we define b2 as the number of bits necessary to code the modulation indices. In this case, the average feedback rate per probing operation takes the values Kb2 or {kb2 + 1 for k = 0, . . . , K − 1}. The probabilities associated with the feedback rate can be written as
(23)
• Average number of combined paths per scheduled user: The average number of combined paths per scheduled user, N c, is given by
which is given by
As a consequence, we have
• Average number of estimated paths per user: Similar to the previous section, we can write the average number of estimated paths per user, N E , as follows
C. Bandwidth Efficient Power Greedy Scheme 1) Mode of Operation:
In a first step, the BS probes the users for the highest modulation index. In the beginning, the BS starts by randomly probing one user among the K users. This user runs the MS-GSC algorithm setting γ N T as the threshold SNR. If this user succeeds in providing the maximum constellation size, it feeds back one bit corresponding to an ACK and it is served by the BS in the next data burst. Otherwise, it feeds back one bit corresponding to a NACK. In the latter case, the BS probes another user which runs also the MS-GSC algorithm with the threshold corresponding to the maximum constellation size and then feeds back the appropriate acknowledgement. This operation continues until the BS finds a user having a combined SNR greater than γ N T or all the users fail to achieve that condition. In the latter case the BS reduces the constellation size (i.e. it sets γ N−1 T as the new threshold SNR in our case) and repeats the probing operation as described before for this newly set threshold. The BS continues probing users until an acceptable one with appropriate channel conditions is selected. In the case of an outage, the BS buffers the data.
2) Performance Analysis:
• Average spectral efficiency: Based on the mode of operation of this scheme, its average spectral efficiency is exactly the same as the average spectral efficiency of the BWE scheme.
• Average feedback load: As for the average spectral efficiency, the average feedback load for this scheme is given by the same relation as the BWE scheme.
• Average feedback rate per scheduling operation: Based on the mode of operation of this scheme, the random variable corresponding to the number of bits per scheduling operation takes the values {nK + k, n = 1, . . . , N − 1; k = 1, . . . , K}. The different probabilities associated with the feedback rate are given by
Considering the fact that the different random variables are i.i.d., we have
and the resulting average feedback rate is thus
with
Finally, when we consider the fact that the users experience i.i.d. channel conditions, it can be shown that
(38)
D. Numerical Results
In this section, we make a comparison between the three proposed schemes as well as a comparison between these new schemes and some recently published schemes. In Fig.1 , equations (5), (19), [13, Eq (17) ], and [13, Eq (21) ] are plotted, the MRC curve is obtained using simulation. Concerning  Fig.2, equations (16), (30) , [13, Eq (18) ], and [13, Eq (22) ] are plotted. Equations (8), and (22) are plotted in Fig.3 . In Fig.  4 , equations (11), (25), and (34) are represented, the MRC curve is represented using simulation. Finally, we plot in Fig.  5 equations (10), (24), and (33). Fig. 1 shows that the spectral efficiency of the FBEF scheme is lower than the spectral efficiency of the horizontal switch and examine transmission (HSET) [13] . Fig. 2 shows that the average number of estimated paths per user for the FBEF scheme is greater than that of the vertical switch and examine transmission (VSET) [13] . In fact, according to the mode of operation of MS-GSC, it is necessary to estimate and rank all the L available paths whenever we probe a new user, contrary to what is performed in the VSET which will estimate just as many paths as needed (but not necessarily combine the best ones). Fig. 1 shows also that the BWE and BEPG schemes achieve the same spectral efficiency and the best possible in comparison with HSET and FBEF. However, this comes at the expense of a high feedback load and number of estimated paths per user as an illustration in Fig. 2 and Fig. 3 . Seeing that the BWE and BEPG schemes provide the maximum spectral efficiency, we also compare them with a scheme having the same mode of operation but which adopts MRC instead of MS-GSC. In other words, when a user is probed, it performs full L-paths MRC combining operation in order to determine the maximum spectral efficiency that can be reached. As it is shown in Fig. 1 , the performance of the three schemes are not very different in terms of spectral efficiency. However, as illustrated in Fig. 4 , the BWE and BEPG schemes offer considerable savings in terms of number of combined paths when compared to MRC. In addition it is clear from Fig.  4 that the BEPG scheme reduces considerably the number of combined paths compared to the BWE scheme and is as such interesting from a battery power efficiency perspective. Finally, we can see from Fig. 5 that the FBEF scheme achieves best performance from a feedback perspective but this comes at the expense of a considerable loss in terms of spectral efficiency, as illustrated in Fig. 1 . Table I summarizes the key results presented in this section. 
IV. ACHIEVING FAIRNESS BETWEEN THE SCHEDULED USERS
A. Motivation
In the three multiuser down link scheduling schemes proposed in the previous section, the operation mode is based on probing the users in a sequential manner. More specifically, according to the feedback information, the BS selects the appropriate user having acceptable channel conditions (enabling at least BPSK transmission) which is the case for the FBEF scheme or having the best channel conditions which is the case for the BWE and BEPG schemes. Examining the mode of operation of the schemes discussed before, there is no guarantee in terms of fairness of access. In fact, with such schemes, some users may end up being deprived from service after several scheduling rounds and subjected as such to the well known starvation problem. Based on this observation, we design a scheduler that is able to ensure a certain short term fairness between the i.i.d. users, while simultaneously employing opportunistic scheduling strategies to increase the total system throughput by selecting users with high-quality channels when possible. Different fair scheduling schemes such as the proportional fair algorithm [14] were designed to achieve fairness between non i.i.d. users. In this paper, the proposed system is based on the three scheduling schemes presented in the previous section and adopts the idea of enhanced equal access (EEA) scheduling policy suggested in [15] . More specifically, in the three schemes suggested in section 3 when a user is scheduled in a time slot it is removed from the scheduling operation in the next round until all the remaining users have been scheduled. Therefore, with EEA all the users are served in the minimum possible time. However, this improvement of fairness comes at the expense of a certain degradation in the performances of the system mainly in terms of spectral efficiency. Thus, we study in the following how the performance of our proposed schemes are modified when EEA is adopted. In particular, we derive new expressions for the average spectral efficiency per time slot and the average feedback load per time slot. These results are validated using Monte-Carlo simulations.
B. Mode of Operation of The Proposed Scheme
The mode of operation of this scheme is based on the idea of EEA scheduling policy suggested in [15] .To achieve the desired fairness of access between the different users the proposed scheme operates as follows:
1. In the first time slot, the BS performs the probing operation according to one of the schemes presented in section III on the K active available users.
2. Once one user (user 1 ) is selected, in the next time slot, this user is removed from the pool of the users to be scheduled and the BS performs the same previous operation on the K −1 remaining users until selecting another user (user 2 ) among them.
3. The BS repeats the previous operations for the next time slots until the K users are scheduled.
When adopting the proposed scheme we are sure to achieve an even repartition of resources between the different users. Moreover, such a scheme, and under acceptable channel conditions, guarantees a maximum inter-access time of 2K −1 time slots. Note that we refer by acceptable channel conditions to the fact that in each time slot of K consecutive time slots we have at least one of the probed users able to reach the BPSK threshold SNR.
C. Performance Analysis
The scheduling process of the system is modeled as a discrete-state Markov process (Markov chain) where the number of states at each scheduling process is equal to the time slot order number l.
We define λ(i) as
and we introduce the probability Θ(k, l) that in the l th time slot the number of users is equal to k which is given in [16] by
• Average spectral efficiency per time slot: Based on the probability that in the l th time slot the number of users is equal to k , the average spectral efficiency for the l th time slot can be written as
where η k is given by
Finally, the average spectral efficiency per time slot, η, for L T time slots and K users can be written as
• Average feedback load per time slot: Similarly to what was done before and based on the probability that in the l th time slot the number of users is equal to k, the average feedback load per time slot, F , for K users and L T time slots is
• Probability that K Users Have Access to the Channel in K Time Slots:
The evaluation of such probability gives us an idea about the range of SNRs in which the maximum time of access between two serving operation for all the users is equal to 2K − 1 time slots. The probability of having all the K users served in K time slots is given by
D. Numerical Results
In this section, we present some numerical and simulation results of the new spectral efficiency and feedback load of the system. We compare the new performances of the scheduling schemes studied in section III after adoption of the EEA idea when scheduling users. Fig. 6 shows the average spectral efficiency per time slot for the system. It is clear that the cost of achieving a better fairness between the scheduled users is some loss in spectral efficiency. In fact, in the medium SNR region, the spectral efficiency per time slot is reduced considerably for the BWE and BEPG schemes but for the FBEF scheme, there is practically no loss in terms of spectral efficiency which is explained by the fact that such a scheme does not take into consideration spectral efficiency as the primary goal. Fig. 7 illustrates the average feedback load per time slot for the system. The remark to be made is that the EEA reduces the feedback load per time slot. Indeed, Fig. 7 shows that the feedback load is reduced by almost half of its original value in the low to medium SNR regions but remains the same in the high SNR region (this is due to the fact that in these regions this value is the optimal one). Such a trend can be explained by reduction in the number of users to be scheduled as the scheduling process progresses when EEA is adopted. Finally, Fig. 8 shows that starting from 5 dB, all the K users are served in K time slots, when L T = K. Such trend can be explained by the fact that in this SNR region, there is a high probability to have at least one user with an SNR higher than the BPSK threshold SNR. This also means that in this case, the maximum waiting time to have an other access to the channel is 2K − 1 time slots. To conclude, the previous analysis shows that the performance penalties of the EEA in terms of spectral efficiency do not seem significant compared to the gain achieved in terms of feedback load and probability of fair access.
V. CONCLUSION
We presented in this paper three multiuser scheduling schemes based on the MS-GSC combining. We evaluated their performance and compared this performance to that of the HSET, VSET and MRC schemes. It was shown, that the FBEF achieves a minimum feedback load, while the BWE and BEPG schemes achieve the best spectral efficiency. It was also shown that there is not a significant difference between the BWE, BEPG and MRC schemes in terms of spectral efficiency. However, the two former schemes clearly outperform MRC in terms of average combined paths with a certain advantage to the BEPG scheme. The proposed schemes were used in conjunction with EEA to achieve better short term fairness of access between the i.i.d. users. In this case, the network scheduler removes the scheduled user in the next time slots until serving all the available users in the cell. It was shown that in good channel conditions, EEA guarantees for each user to have a another access to the channel after maximally 2K −1 time slots. It was also shown that this improvement in fairness is accompanied by a feedback load gain, but at the expense of a reduction in average spectral efficiency per time slot.
